Tools like doubled haploids, marker-assisted backcrossing, and genetic engineering allow to add a small 
the basis of tests for distinctness, uniformity, and stabilOn the one hand, registered plant varieties need to be ity (DUS) within worldwide PVP systems and have asprotected against plagiarism and misuse. On the other, sured farmers and breeders that they are using clearly protected germplasm should be accessible to secure fuidentifiable varieties to high standards of purity and qualture breeding progress. The concept of breeder's exempity (Smith and Smith, 1989a) . In addition, numerous tion was, therefore, introduced into the International studies showed significant correlations between MPH Union for the Protection of New Varieties of Plants and the coefficient of parentage (f) (Melchinger, 1999; (UPOV) convention to solve the obvious conflict be- Smith et al., 1991) . For these reasons, proponents of the tween the different stakeholders within the PVP system use of morphological traits or heterosis for identifica- (UPOV, 1978) . Accordingly, plant breeders have access tions of EDVs state that phenotypic information proto protected germplasm for the development of new vavides the basis for PVP and should also be used for rieties.
identification of EDVs. Studies on the ability of morphological traits to estimate the genetic conformity be- tially random compared with any relation derived from (UPOV, 1978) , and for six additional agronomic traits (Taheterosis or pedigree data (Smith and Smith, 1989b 
MATERIALS AND METHODS

Statistical Analyses Plant Materials
Grain yield for each single row was adjusted to 84.5% dry matter content. Heterosis was determined as MPH ϭ (F 1 Ϫ A total of 58 elite maize inbred lines was analyzed compris-MP)/MP, where F 1 is the F 1 hybrid performance, and MP ϭ ing 24 European flint and 34 European dent lines. These lines (P 1 ϩ P 2 )/2, the midparent value in which P 1 and P 2 are the originated from the maize breeding programs at the University performances of the inbred parents. Analyses of variance were of Hohenheim (Stuttgart, Germany) and two commercial breedperformed for morphological traits of the inbreds using a ing companies in Germany. The 58 lines comprised 38 triplets. mixed linear model considering genotypes as fixed effects, and A triplet consisted of one progeny line O and both parental environments as well as genotype ϫ environment interactions lines P1 and P2. The materials consisted of 26 intrapool triplets as random effects. Genotypic variance among lines ( g 2 ) and of European dent and 12 intrapool triplets of European flint the variance of genotype ϫ environment interaction ( ge 2 ) were lines. European flint and dent lines, as well as the pooled U.S. defined and estimated according to Scheffé (1959) . Similarly, lines, were regarded as separate germplasm pools. Progenies genetic ratios (GR) analogous to broad-sense heritability were were either derived from F 2 , BC 1 , or BC 2 populations. This is calculated as GR g ϭ g 2 er/MS g , where e is the number of envia subset of the material analyzed in our companion study ronments, r is the number of replications, and MS g is the mean (Heckenberger et al., 2005) . square due to genotypes. Dhillon et al. (1990) may be conFor each combination of lines within a triplet (P1 ϫ P2, sulted for further details. Likewise, ANOVAs were calculated P1 ϫ O, and P2 ϫ O), seeds from the corresponding F 1 hybrid for MPH values of each triplet to estimate the genotypic variwere generated. In addition, if more than one progeny line ance for midparent values among triplets ( t 2 ) and correspond-(O 1 , O 2 , …., O j ) was derived from a cross of the same two ing genetic ratio (GR t ), using the same procedures. parental lines, each possible
For calculation of MDs, observations for each trait were was generated. In total, 114 intrapool F 1 hybrids were tested in standardized by dividing by the phenotypic standard deviation this study. Detailed information on all 38 triplets, the 58 maize of the particular trait. Euclidean (MD EUC ) and Mahalanobis inbreds, and the hybrids included in this study is available as (1936) (MD MAH ) distances were calculated based on standardsupplemental data on the internet at http://crop.scijournals.org/.
ized observations for each pairwise comparison of inbred lines. Malé cot's (1948) coancestry coefficient (f ) was calculated be-
Experimental Design
tween all pairwise line combinations. Polymorphic information content (PIC) values were estimated as suggested by Field experiments were conducted in 2000 and 2001 at three Anderson et al. (1993) . Genetic distances between lines based locations in South Germany, with two replications per locaon SSR (GD SSR ) or AFLP (GD AFLP ) data were estimated using tion. All sites (Bad Krozingen, Eckartsweier, and Scherzheim)
Rogers' distance (Rogers, 1972) . The linear relationships beare located in the Upper Rhine Valley, a major area of graintween 1 Ϫ f, GDs, MDs, and heterosis estimates were evalumaize production in Germany. All inbred lines and hybrids ated with a lack-of-fit test (Snedecor and Cochran, 1980) . of a triplet were grown together in one block. Within each triplet block, F 1 hybrids were grown side-by-side with their Empirical and approximated frequency distributions of MD butions (Johnson et al., 1995) , as described in detail in our Significant (P Ͻ 0.01) estimates of t 2 among triplets companion study (Heckenberger et al., 2005) . Frequency disfor MPH were observed for most traits ( traits ranged from 0.66 to 0.97 and were slightly smaller marker data. Here, ␣ corresponds to the probability that a true than for line per se performance.
IDV will be wrongly judged as EDV, whereas ␤ corresponds to the probability that a true EDV will not be recognized as such
Simple Sequence Repeat and Amplified
and judged as IDV. We first investigated the situation that
Fragment Length Polymorphism Marker Data
a F 2 -derived progeny would be considered as IDV, and a BC 1 -derived progeny as EDV. Alternatively, we regarded a A total of 580 SSR alleles and 1053 polymorphic 0.50, with a mean of 0.33. Table 1 . ‡ GR t ϭ Genetic ratio on a triplet-mean basis for midparent heterosis pooled across flint and dent lines.
Relationships among Distance Measures,
BC 1 -, as well as for BC 1 -vs. BC 2 -derived progenies (Fig. 3) .
Heterosis, and Coancestry
For thresholds based on MDs, the power 1 Ϫ ␤ to Correlations (r) between 1 Ϫ f and GDs based on classify a BC 1 -derived progeny line as EDV amounted SSRs (GD SSR ) and AFLPs (GD AFLP ) were highly signifito 18% for MD EUC and 3% for MD MAH , when choosing cant (P Ͻ 0.01) and exceeded 0.85 in both flint and dent ␣ ϭ 0.05 for F 2 -derived lines (Table 4) . Assuming ␣ ϭ lines, with a single exception (Table 3) . By comparison, 0.05 for BC 1 -derived lines, corresponding values of 1 Ϫ r values between GDs and MDs were moderate (0.40 Յ ␤ for BC 2 -derived lines were considerably higher for r Յ 0.68). Likewise, r values between MD EUC and MD MAH were only of moderate sizes. Correlations were consistently higher for flint lines than for dent lines. Coancestry was moderately correlated with MD EUC , but poorly correlated with MD MAH ; both relationships showed a triangular form (Fig. 1) .
In contrast, the relationships between GD SSR , GD AFLP , and 1 Ϫ f on the one hand, and MPH on the other, were linear for most heterotic traits (Fig. 2) . Corresponding r values were highly significant (P Ͻ 0.01) and moderate to high, depending on the trait (Table 2 ). In general, these correlations were considerably higher than those of MD EUC or MD MAH with GD SSR , GD AFLP , or 1 Ϫ f.
Threshold Scenarios for Identification of EDVs
Estimates of MD EUC and MD MAH for F 2 -, BC 1 -, and BC 2 -derived progenies were approximately normally distributed in the joint analysis of flint and dent lines. Considerable overlaps between the frequency distributions of MD EUC and MD MAH were observed for F 2 -vs. inbred lines from commercial and public maize breeding programs in Germany. Morphological traits were chosen according to the UPOV guidelines of DUS. Heterosis and morphological traits were determined in extensive field trials across 2 yr and three locations, thus exceeding by far the number of environments employed for DUS testing within PVP systems. Furthermore, SSRs were selected as a suitable marker system due to their known map positions and high degree of polymorphism. The AFLPs were chosen due to the greater number of markers per assay unit and their high reproducibility (Heckenberger et al., 2003) . Thus, the present study is the first larger investigation after a series of pioneering studiess based on isozymes and restriction fragment length polymorphisms (RFLPs) Smith, 1989a, 1989b; Smith et al., 1991) to provide critical data on the ability of MDs and heterosis for the identification of EDVs in maize in direct comparison with SSR and AFLP data. For this reason, our results provide a well-founded comparison of different distance measures for the identification of EDVs in maize and may serve as an example for other crops.
Data Quality and Relatedness between Different Measures for Genetic Conformity
Despite the contrasting climatic conditions during the vegetation seasons in 2000 and 2001, high GR values were observed for morphological traits and MPH, the former being considerably higher than those reported by Rebourg et al. (2001) . In addition, UPGMA cluster analysis based on MD EUC showed a clear grouping of flint and dent lines, which further corroborates the high quality of morphological data (available as supplemental data to the online version of this paper; see http:// properties of MD EUC and MD MAH , because MD MAH adjusts for the correlations of traits. MD EUC and MD MAH . The power 1 Ϫ ␤ for thresholds
The graphs between MDs and GDs ( Fig. 1 ) confirmed determined by ␣ ϭ ␤ to classify BC 1 -or BC 2 -derived the triangular relationship between morphological and progenies as EDVs increased considerably compared GDs reported in previous studies (Dillmann et al., 1997 ; with the values of ␣ ϭ 0.05. This increase in 1 Ϫ ␤ was Rebourg et al., 2001 ). This indicates that low GDs correassociated with higher values of ␣.
spond necessarily with low MDs, whereas the reverse When potential thresholds were based on MPH, the does not necessarily hold true because high GDs can power 1 Ϫ ␤ to classify a BC 1 -derived progeny line as correspond with both high and low MDs (van Eeuwijk EDV ranged from 2 to 30%, assuming ␣ ϭ 0.05 between and Baril, 2001). In addition, the triangular shape has F 2 -derived lines (Table 4) . Choosing ␣ ϭ 0.05 for BC 1 -several biological explanations (Nuel et al., 2001 ) and derived lines, the values of ␤ increased for BC 2 -derived is also expected if only molecular markers tightly linked lines. For ␣ ϭ ␤, the power to classify BC 1 -or BC 2 -with the genes controlling the phenotypic trait(s) were derived progenies as EDVs increased substantially; used (Burstin and Charcosset, 1997). however, this was again associated with higher values
In the present investigation, flint and dent lines showed of ␣. In general, values of ␣ and ␤ were of similar similar estimates of g 2 and correlations among the varimagnitude for MDs and MPH.
ous criteria, and the same applied to flint and dent triplets. This is in harmony with a previous study of Bar- Hen et al. (1995) , who examined 974 maize inbred lines with morphological traits and RFLPs. Correlations of The maize inbred lines examined in our study represent a cross-section of present-day elite flint and dent 1 Ϫ f, GD SSR , or GD AFLP , with MPH were higher than reported by Ajmone Marsan et al. (1998) for AFLPs based on molecular markers have clear advantages for identification of EDVs. but similar to correlations of MPH with 1 Ϫ f and GDs based on RFLPs in intrapool crosses (Boppenmaier et al., 1993; Smith et al., 1990) . In addition, our study con-
DISCUSSION
␣ ϭ 0.05 ␣ ϭ ␤ ␣ ϭ 0.05 ␣ ϭ ␤ Parameter T 1 Ϫ ␤ T ␣ ϭ ␤ T 1Ϫ ␤ T ␣ ϭ ␤ Morphological
Power of Morphological Distances and
firms the findings of Smith and Smith (1989b) of the frequency distributions of F 2 -, BC 1 -, and BC 2 -derived progenies were found in spite of the significant
Distinctness versus Conformity
correlations with 1 Ϫ f. Type I (␣) and Type II (␤) errors observed for MDs were thus considerably higher To confirm an essential derivation in the sense of the than observed for GDs based on molecular markers UPOV convention (UPOV, 1991), three separate criteria (Table 4) . Consequently, MDs provide only a rough must be fulfilled. An EDV must (i) be distinct from the estimate of the true relatedness between two lines and IV, (ii) be predominantly derived from the IV, and (iii) can only poorly discriminate F 2 -, BC 1 -, and BC 2 -derived conform to it in the expression of its essential characterprogenies. These results confirm data from ryegrass (Gilliistics. Distinctness can be determined based on morpholand et al., 2000) and maize (Smith and Smith, 1989b) , logical traits by established procedures for DUS testing.
showing that morphological conformity could give an Establishing a predominant derivation will either reinitial indication of the relatedness between two cultiquire a directly documented evidence, for example, by vars, particularly for highly conforming pairs of inbreds. breeding books, or could be determined with molecular Nevertheless, a small MD between two varieties cannot evidence similar to forensic approaches in the human be taken as a definitive proof that they are in fact closely sector (Gill et al., 1995) . However, the question whether related because of the triangular relationship between conformity in the expression of essential characteristics 1 Ϫ f and MDs. should be assessed by phenotypic rather than molecular In contrast to the triangular relationship between GDs data is still unsolved. While differences in the expression and MDs, a linear relationship of MPH with GDs or of one single trait are sufficient to prove distinctness 1 Ϫ f was observed, as expected by quantitative genetic between two varieties, assessment of conformity should theory (Melchinger, 1999) . However, in spite of the be based on a large number of morphological traits and higher correlation between MPH and 1 Ϫ f or GDs, still could not give a definite answer due to the triangular MPH was not markedly superior to MDs regarding the relationship mentioned above.
power to discriminate between F 2 -, BC 1 -or BC 2 -Proponents of phenotypic data state that the term derived progeny. This is attributable to the larger exper-"conform in the expression of its essential characteristics imental error and genotype ϫ environment interactions that result from the genotype" (UPOV, 1991) implies of MPH in comparison with line per se performance the use of phenotypic and agronomic data rather than (data not shown), as reflected by the comparison of GR t molecular data (Troyer and Rocheford, 2002) . In convs. GR g . trast, opponents state that even highly heritable phenoFor nearly all of the examined scenarios, GDs based typic traits can only offer an indirect measure of the on SSRs or AFLPs were superior to MDs or MPH for relatedness between two cultivars (Roldan-Ruiz et al.,
any trait or combination of traits in their power 1 Ϫ ␤ 2000b). Molecular data provide a direct estimate of the to discriminate among F 2 -, BC 1 -, and BC 2 -derived progtrue relatedness between two genotypes because they enies for given values of ␣. However, different from are unbiased by environmental effects and reflect the MDs and MPH, the use of SSR or AFLP markers would percentage of the genome in common between the IV require thresholds specific for a given germplasm pool. This is necessary because flint and dent lines differ sigand a putative EDV. On the basis of our results, GDs
